Polo-like kinase 1 (Plk1) is a key regulator of cell division in eukaryotic cells. In this short review, we briefly summarized the well-established functions modulated by Plk1 during mitosis. Beyond mitosis, we focused mainly on the unexpected processes in which Plk1 emerges as a critical player, including microtubule dynamics, DNA replication, chromosome dynamics, p53 regulation, and recovery from the G2 DNA-damage checkpoint. Our discussion is mainly based on the critical substrates targeted by Plk1 during these cellular events and the functional significance associated with each phosphorylation event.
INTRODUCTION
It has been 23 years since the polo gene was discovered in Drosophila melanogaster, whose loss-of-function mutations are associated with various mitotic defects (Sunkel and Glover, 1988) . This gene encodes a serine/threonine kinase and is highly conserved from yeast to human. Among all family members, including mammalian Plk1/2/3, Xenopus Plx1/2/3, fission yeast Plo1, and budding yeast Cdc5, mammalian Polo-like kinase 1 (Plk1) has been most extensively studied during the past decade. Plk1 contains a canonical serine/threonine kinase domain at the N terminus and a C-terminal regulatory domain termed polo-box domain (PBD) (Strebhardt, 2010) (Fig. 1) . The PBD binds to the Ser-[pSer/pThr]-Pro/X motif generated by other priming kinases or Plk1 itself, and subsequently localizes Plk1 to various cellular structures, such as centrosomes, spindle poles, kinetochores, midzones and midbodies (Elia et al., 2003) .
PLK1 IN CANCER BIOLOGY
A close correlation between mammalian Plk1 expression and carcinogenesis has been documented, and overexpression of Plk1 has been observed in various human tumors (Eckerdt et al., 2005; Takai et al., 2005) . For example, elevated Plk1 expression was detected among patients with melanomas, and patients with moderate Plk1 expression survived significantly longer than those with high Plk1 levels . Similarly, non-small cell lung cancer patients whose tumors showed moderate Plk1 expression survived significantly longer than patients with high levels of Plk1 transcripts (Wolf et al., 1997) . Analysis of patients with head and neck carcinomas, and esophageal and gastric cancer also revealed a close correlation between lower survival rates and higher Plk1 expression levels (Knecht et al., 1999; Knecht et al., 2000; Takai et al., 2005) . Therefore, it was proposed that Plk1 could serve as a novel diagnostic marker for several types of cancers (Eckerdt et al., 2005; Takai et al., 2005) . Moreover, constitutive expression of Plk1 in NIH3T3 cells caused oncogenic focus formation and induced tumor growth in nude mice (Smith et al., 1997) . Thus, inhibition of Plk1 function may be an important approach for cancer therapy. In line with this notion, it was shown that injection of plasmids containing shRNA to target Plk1 inhibited tumor growth in nude mice (Spänkuch et al., 2004) . Significantly, several Plk1 inhibitors, such as BI2536 and GSK461364, are in phase I or II clinical studies for patients with various cancers (Strebhardt, 2010) .
MAJOR MITOTIC FUNCTIONS OF PLK1
Enough evidence has established Plk1 as a key player during mitosis. Plk1-mediated phosphorylation event is involved in almost every aspect of mitotic events. For example, during the onset of mitosis, Plk1 phosphorylatation of cyclin B and Cdc25C, two critical regulators of Cdk1, leads to Cdk1 activation for mitotic entry. Plk1 has an essential role in chromosome condensation/separation during mitosis. The initial examination of Polo mutants in Drosophila revealed hypercondensed chromosomes (Llamazares et al., 1991) . These observations matched later studies where RNAimediated Plk1 depletion in well-synchronized HeLa cells led to the formation of circular condensed chromosomes (Liu et al., 2005) . Plk1 is clearly involved in bipolar spindle formation during mitosis. Several proteins are involved in this process, such as NIP (ninein-like protein), an important component of the centrosome and essential for microtubule nucleation; TCTP, a microtubule-stabilizing protein; and Op18, a microtubule destabilizing protein. All of these proteins are phosphorylated by Plk1, which regulates their functions during spindle formation (Budde et al., 2001; Yarm, 2002; Casenghi et al., 2003) . By localizing in kinetochores at prometaphase, the chromosomal structures to which spindle microtubule attach, Plk1 phosphorylates additional substrates, such as BubR1, PBIP1 and PICH, to assist establishment of bipolar spindle (Kang et al., 2006; Baumann et al., 2007; Elowe et al., 2007) . These well-established Plk1 substrates have been the subject of many extensive reviews (Strebhardt, 2010) . In this manuscript, we only focus on several novel Plk1 substrates identified in our laboratory.
These substrates have diverse cellular functions, including microtubule dynamics, DNA replication, chromosome dynamics, p53 regulation, and recovery from the G2 DNAdamage checkpoint (Fig. 1 ).
PLK1 IN MICROTUBULE DYNAMICS
Microtubules have an intrinsic structural polarity and are generally oriented in cells with their minus ends at the centrosome and their plus ends pointing toward the cell periphery during interphase. During mitosis, microtubules must attach paired sister chromatids to opposite poles of the spindle, which is essential to ensure proper distribution of the sister chromatids to the two daughter cells. Microtubule dynamics consist of alternating phases of growth and shortening, a pattern of behavior known as dynamic instability (Mitchison and Kirschner, 1984) . This process is tightly regulated by a group of proteins that bind specifically to the plus ends of the growing microtubules (+ TIPs). Clip-170, the founding member of the microtubule plus end family (Perez et al., 1999) , is composed of three separate regions: N terminus, central coiled-coil region, and C terminus ( Fig. 2A) . In addition to two conserved cytoskeleton-associated protein glycinerich (CAP-Gly) domains, the N terminus has three serine-rich regions. The N-terminal domain plays an essential role in microtubule targeting, the long central coiled-coil domain is responsible for dimerization of the protein, and the C terminus, which contains two zinc finger domains, interferes with microtubule binding by interacting with the N terminus. Enough evidence has accumulated to support the notion that Clip-170 plays an important role in microtubule dynamics. In Figure 1 . Multiple functions of Polo-like kinase 1. Several recently identified Plk1 substrates reveal that Plk1 has functions beyond mitosis, such as microtubule and chromosome dynamics, DNA replication licensing under a specific cellular context, p53 regulation, and recovery from the G2 DNA-damage checkpoint.
addition to its positive role in regulating microtubule growth in both yeast and humans (Brunner and Nurse, 2000; Komarova et al., 2002) , Clip-170 is involved in recruitment of dynactin to the microtubule plus ends and in linking microtubules to the cortex through Cdc42 and IQGAP (Fukata et al., 2002; Lansbergen et al., 2004) . The role of Clip-170 during mitosis was recently examined by loss-of-function approaches. It was shown that Clip-170 localizes to unattached kinetochores in prometaphase, and such localization is essential for the formation of kinetochore-microtubule attachments (Tanenbaum et al., 2006) . p150 glued , a component of the dynein/dynactin complex, and LIS1, two major Clip-170-interacting partners, are localized to both microtubule plus ends and kinetochores. While p150 glued localization at microtubule plus ends is Clip-170-dependent (Lansbergen et al., 2004) , Clip-170-kinetochore localization relies on a functional dynactin complex (Coquelle et al., 2002) . Further mapping experiments indicated that the C terminus of Clip-170 directly interacts with the N terminus of p150 glued (Lansbergen et al., 2004 ). Binding to Clip-170 in a zinc finger domain-dependent manner, LIS1 directly interacts with dynein/dynactin complex as well (Fig. 2B ). While LIS1 recruitment to kinetochores is dynein/dynactin dependent (Coquelle et al., 2002) , dominant negative inhibition of LIS1 also leads to displacement of Clip-170 from kinetochores (Tai et al., 2002) . Therefore, both dynactin and LIS1 are essential for kinetochore localization of Clip-170 during prometaphase. Similar to dynactin, LIS1 localization to microtubule plus ends depends on the C terminus of Clip-170 (Coquelle et al., 2002) . Indeed, LIS1 and p150 glued compete for binding to the C-terminal zinc finger domain of Clip-170 (Lansbergen et al., 2004) .
Post-translational modification is one major mechanism to regulate protein functions. Both glued are phosphoproteins in vivo and phosphorylation regulates their microtubule binding activities (Rickard and Kreis, 1991; Vaughan et al., 2002) . Furthermore, multiple kinases are proposed to be responsible for Clip-170 phosphorylation in vivo (Choi et al., 2002) . However, the nature of these kinases is still unknown until recently. We recently identified Cdk1, Plk1 and CK2 (Casein kinase 2) as three kinases of CLIP-170 (Yang et al., 2009a; Li et al., 2010a) . We showed that Cdk1 targets CLIP-170 at Thr287 in vivo. Significantly, expression of CLIP-170 with a threonine 287 to alanine substitution (T287A) results in its mislocalization, accumulation of Plk1 and cyclin B, and block of the G2/M transition. Finally, we found that depletion of CLIP-170 leads to centrosome reduplication and that Cdk1 phosphorylation of CLIP-170 is required for the process. These results demonstrated that Cdk1-mediated phosphorylation of CLIP-170 is essential for the normal function of this protein during cell cycle progression (Yang et al., 2009a) . We subsequently mapped Ser195 and Ser1318 as phosphorylation sites of Plk1 and CK2, respectively. We showed that a CK2 unphosphorylatable mutant lost its ability to bind to dynactin and to localize to kinetochores during prometaphase, indicating that the CK2 phosphorylation of CLIP-170 is involved in its dynactin-mediated kinetochore localization. Furthermore, we provided evidence that Plk1 phosphorylation of CLIP-170 at S195 enhances its association with CK2. Finally, we detected defects in the formation of kinetochore fibers in cells expressing the CLIP-S195A and -S1318A, but not the CLIP-S195E and -S1318D, confirming that Plk1-and CK2-associated phosphorylation of CLIP-170 is indeed , and the N-terminal CAP-Gly domain of Clip-170 binds to microtubule plus ends. LIS1 interacts with both dynein and Clip-170. (C) We hypothesize that phosphorylation of Clip-170 by both Plk1 and CK2 is essential for the formation of kinetochore-microtubule attachements. Plk1 phosphorylation of Clip-170 at S195 enhances its binding for CK2. CK2 further phosphorylates Clip-170 at S1318, which is essential for its interaction with dynactin, thus facilitating the subsequent kinetochore-microtubule attachments.
involved in the formation of kinetochore-microtubule attachments in mitosis (Li et al., 2010a) . These studies provided more detailed mechanisms to understand how CLIP-170 is regulated by post-translation modifications (Fig. 2C) .
Furthermore, we also reported p150 glued , the major component of the dynein/dynactin complex, as a Plk1 substrate during the G2/M transition (Li et al., 2010b) . Nuclear envelope breakdown (NEBD) is an essential step during the G2/M transition in higher eukaryotic cells. Increasing evidence supports the notion that both microtubules and microtubule-associated motor proteins are critical regulators of NEBD. Although it has been described that p150 glued localizes in the nuclear envelope (NE) during prophase, the exact role of p150 glued and its regulation during NEBD are largely elusive. We showed that in mammalian cells both Plk1 and p150 glued regulate NEBD and that Plk1 interacts with and phosphoryates p150 glued during NEBD at prophase. Using various approaches, we showed that Plk1 phosphorylates p150 glued at Ser179 and that the pS179 epitope is generated at the NE of prophase cells. Significantly, Plk1-mediated phosphorylation of p150 glued at Ser179 positively regulates its accumulation at the NE during prophase. Finally, we found that cells expressing the Plk1-unphosphorylatable mutant (p150 glued -S179A) arrest at G2, as indicated by reduced NEBD, increased levels of cyclin B and phospho-H3, but a decreased level of Cdk1 kinase activity. Altogether, we concluded that Plk1 phosphorylation of p150 glued might be one major pathway of NEBD regulation.
PLK1 IN DNA REPLICATION
DNA replication starts with the ordered assembly of a multiprotein complex called the pre-replicative complex (pre-RC), whose components are recruited to origins in a stepwise manner beginning with the origin recognition complex (ORC) (Fig. 3 ). ORC is a six-subunit complex (Orc1-6) that acts as the initiator, the protein that selects the site for subsequent initiation of replication. It has been shown that the ORC subunits interact with each other and that Orc2 and Orc3 form a core subcomplex with which other ORC members interact (Dhar et al., 2001 ). The ORC recruits Cdc6 and licensing factor Cdt1, both of which are required for subsequent loading of the Mcm2-7 helicase, which is essential for DNA unwinding prior to replication (Liang et al., 1995) . During the G1/S transition, the action of two kinases, Cdc7 and Cdk2/cyclin E, triggers loading of Cdc45, a protein that is required for both activation of Mcm on origins and chromosome unwinding at the replication forks (Pacek et al., 2006) . Of note, formation of the pre-RC occurs during late M phase right after sister chromatid segregation and licenses the DNA for next round of replication during the subsequent S phase (Takeda and Dutta, 2005) . In other words, DNA replication is intimately coupled with mitotic events. Increasing evidence suggests that Plk1 is involved in Sphase events (Tsou et al., 2009; Yim and Erikson, 2009 ). For example, Yim and Erikson used the RNAi approach to demonstrate that Plk1 is required for DNA replication during cell cycle progression (Yim and Erikson, 2009) . They showed that Plk1 depletion results in disrupted pre-RC formation and reduced DNA synthesis of the first cell cycle after depletion, likely due to increased levels of Geminin and Emi1, an inhibitor of anaphase-promoting complex. Moreover, Plk1 depletion leads to DNA damage at the first S phase before cells display severe mitotic catastrophe or apoptosis (Yim and Erikson, 2009) . Another recent finding also supports the Sphase function of Plk1 (Tsou et al., 2009 ). DNA replication is coupled with centrosome duplication, another important cellular event, to ensure equal segregation of chromosomes in mitosis. It was shown that Plk1 and separase act during mitosis to license duplication of centrosomes in the following cell cycle (Tsou et al., 2009) . Additional evidence to suggest a role of Plk1 in DNA replication includes interaction of Plk1 with pre-RC proteins and co-localization of Plk1 with pre-RC components in centrosomes (Tsvetkov and Stern, 2005; Stuermer et al., 2007) . Despite such progress in the field, the question how Plk1-associated kinase activity regulates mitotic licensing of DNA replication in the next round of S phase remains unanswered.
It is widely accepted that replication initiation is regulated by epigenetic phenomena. For example, tethering histone acetyltransferase (HAT) and histone deacetylase to origins can increase and decrease origin activity, respectively (Aggarwal and Calvi, 2004) . The best candidate for the HAT working at origins is Hbo1 (histone acetyltransferase binding to Orc1). Initially identified as a binding partner of the Orc1 protein (Iizuka and Stillman, 1999) , Hbo1 binds to Mcm2 and is required for pre-RC formation (Fig. 3) (Iizuka et al., 2006) . Hbo1, the enzyme responsible for histone H4 acetylation, is a subunit of a protein complex comprised of JADE1/2/3 paralogs, hEaf6 and ING5 (Doyon et al., 2006) . This complex interacts with the Mcm helicase and is essential for DNA replication to occur during S phase (Doyon et al., 2006) . p53 tumor suppressor also associates with Hbo1 and ING5 in a shared protein complex and negatively regulates both Hbo1 HAT activity and Hbo1-mediated chromatin loading of Mcm proteins (Iizuka et al., 2007) . Recently, it was shown that Hbo1 acts as a coactivator of the licensing factor Cdt1 (Miotto and Struhl, 2008) and that the HAT activity of Hbo1 toward H4 at replication origins is essential for DNA replication licensing and is inhibited by Geminin, an inhibitor of Cdt1 (Miotto and Struhl, 2010) .
In a search for Plk1-interacting proteins, we have identified Hbo1 as a Plk1 target . We showed that the interaction between Plk1 and Hbo1 is mitosis specific and that Plk1 phosphorylates Hbo1 on Ser57 in vitro. During mitosis, Cdk1 phosphorylates Hbo1 on Thr85/88 creating a docking site for Plk1 to be recruited. Significantly, overexpression of Hbo1 mutated at the Plk1 phosphorylation site (S57A) leads to cell cycle arrest in G1/S phase, inhibition of chromatin loading of the Mcm complex, and a reduced DNA replication rate. Similarly, Hbo1 depletion results in decreased DNA replication and failure of Mcm complex binding to chromatin, both of which can be partially rescued by ectopic expression of wild type Hbo1, but not Hbo1-S57A. These results suggest that Plk1 phosphorylation of Hbo1 is required for pre-RC formation and DNA replication licensing. These data provided direct evidence that Plk1 phosphorylation of Hbo1 at late mitosis licenses DNA replication in the next round of S phase.
PLK1 IN CHROMOSOME DYNAMICS
During cell division, chromosomes undergo dramatical structure changes to facilitate the equal distribution of duplicated DNA into two daughter cells. The condensation of chromatin fiber is the initiation step, followed by sister chromatid formation on bipolar spindle and segregation in mitosis. Cdc5, the polo kinase in budding yeast, directly regulates condensin (an evolutionarily conserved multisubunit ATPase to condense chromatin) through phosphorylationmediated activation of its DNA supercoiling activity (St-Pierre et al., 2009 ). In mammals, Plk1 coordinates with PICH (Plk1-interacting checkpoint "helicase") to maintain prometaphase chromosome arm architecture, and PICH depletion leads to loss of Plk1 on the chromosome arm and premature release of Cohesin (the protein complex responsible for holding the sister chromatids together until anaphase) (Kurasawa and Yu-Lee, 2010) .
Topoisomerase IIα (Topo IIα)
Topo IIα plays a critical role in chromosome architecture, and it is required for condensation and separation of mitotic chromosomes. We identified Topo IIα as a Plk1 substrate . Plk1 phosphorylation of topoIIalpha at serine 1337 and serine 1534 dramatically increases its decatenation activity, which is critical for sister-chromatid segregation. Overexpression of the Plk1 unphosphorylatable topoII mutant resulted in accumulation of catenated DNA due to reduced catalytic activity, and activated the ATM/R-dependent DNAdamage checkpoint. Finally, overexpression of an unphosphorylatable topoIIα mutant led to S phase arrest, suggesting that Plk1-associated phosphorylation of Topo IIα first occurs in S phase. This is another example that Plk1 can have interphase functions.
Telomeric-repeat binding factor (Trf1)
Trf1 is a protein with dual functions: cell cycle regulation and telomere control. Trf1 is involved in normal mitotic progression and the G2/M DNA damage checkpoint. For example, Trf1 has been found to localize to the mitotic spindle (Nakamura et al., 2001) ; interact with the microtubule regulator EB1; to promote microtubule polymerization in vitro (Nakamura et al., 2002) . Furthermore, it was shown that ATM phosphorylates Ser219 of Trf1 in response to DNA double-strand breaks and ATM-mediated phosphorylation contributes to the ability of overexpressed Trf1 to induce arrest or apoptosis in G2/M phase in some settings . A Trf1 mutant refractory to ATM phosphorylation on Ser219 potently induces mitotic entry and apoptosis and increases radiation hypersensitivity of ataxia-telangiectasia (A-T) disease cells. In contrast, Trf1 mutants mimicking ATM phosphorylation on Ser219 completely fail to induce apoptosis and also reduce radiation hypersensitivity of A-T disease cells .
In addition to the roles in mitosis, Trf1 also functions as a negative regulator of telomere maintenance, since expression of a dominant-negative mutant results in elongation of telomeres, and overexpression of WT Trf1 shortens telomeres (van Steensel and de Lange, 1997). Maintained by telomerase, telomeres are comprised of TTAGGG repeat arrays and two associated binding factors, Trf1 and Trf2. Although Trf1 has no effect on telomerase activity per se, Trf1 recruits a number of other proteins including TIN2 and tankyrase 1 to telomeres to regulate telomere length ( Fig.  4A and 4B) (Kim et al., 1999; Smith and de Lange, 2000) . How does the Trf1 complex, which is bound to the duplex telomeric DNA, regulate telomerase that acts at the 3′ overhang at a considerable distance? POT1 protein provides a solution. In addition to a single-stranded DNA binding domain in its N terminus, POT1 can also be recruited to the telomeric chromatin by the Trf1 complex, acting as a "proteincounting" device to measure telomere length (Loayza and De Lange, 2003) . It was shown that POT1 functions downstream of the Trf1 complex to relay the negative regulation to the telomere terminus (Loayza and De Lange, 2003) . Thus, as telomeres get longer, more Trf1 complex is present at the chromosome end, increasing the chance of POT1 being present on the single-stranded telomeric DNA where it would preclude telomerase from accessing the end (Smogorzewska and de Lange, 2004) . Two possible mechanisms exist for POT1 inhibition of telomerase. Since POT1 has some preference to bind to its recognition site at a 3′ end, its physical presence there may simply block telomerase from accessing the end (Fig. 4A) . A second model is based on the unusual architecture of telomeres (Fig.  4B) . In mammals, the Trf2 complex promotes T-loop formation in which the 3′ telomeric overhang is invaded into the preceding duplex telomeric repeat array (Griffith et al., 1999) . Because the single-stranded 3′ overhang of the telomere terminus is base-paired to the C-strand sequence in the Tloop configuration and telomerase requires an unpaired 3′ end (Lingner and Cech, 1996) , the telomere terminus is unlikely to be accessible to telomerase. Due to its intrinsic ability to bind to single-stranded DNA (Baumann and Cech, 2001 ), POT1 should have the ability to bind to the displaced TTAGGG repeats at the base of the T-loop. The binding of POT1 could potentially stabilize T-loops (e.g., by preventing branch-migration) and thereby block telomerase from gaining access to the 3′ telomere terminus (Fig. 4B) .
Although the role of Trf1 in telomere length control has been documented, increasing evidence suggests that Trf1 also play important roles for functional telomere structure. Using a conditional knockout approach, murine Trf1 has been shown to be essential for cell proliferation and chromosome stability (Iwano et al., 2004) . Consistent with this, TIN2 binds Trf1 and Trf2 simultaneously and stabilizes the Trf2 complex on telomeres (Ye et al., 2004) . Interestingly, a recent report showed that ATM and the Mre11-Rad50-Nbs1 complex, which takes part in recombinational DNA repair, cell cycle checkpoint control and telomere maintenance, function as comediators of Trf1 in telomere length control even in the absence of DNA damage (Wu et al., 2007) . It was proposed that MRN is required for Trf1 phosphorylation by ATM and that such phosphorylation results in the release of Trf1 from telomeres, promoting telomerase access to the ends of telomeres (Wu et al., 2007) . This finding suggests that ATMmediated phosphorylation may coordinate the dual roles of Trf1 in telomere length control and cell cycle regulation.
During the search for Plk1-interaction proteins, we have identified Trf1 as a Plk1 target . We showed that Plk1 forms a complex with Trf1, and Plk1 phosphorylates Trf1 at Ser435 in vivo. Moreover, Cdk1, serving as a priming kinase, phosphorylates Trf1 to generate a docking site for Plk1 toward Trf1. In the presence of nocodazole, a spindle poison to arrest cells at mitosis, ectopic expression of wild type Trf1 but not Trf1 with alanine mutation in the Plk1 phosphorylation site induced apoptosis in cells containing short telomeres, but not in cells containing long telomeres. Unexpectedly, downregulation of Trf1 by RNA interference affects cell proliferation and results in obvious apoptosis in cells with short telomeres, but not in cells with long telomeres. Importantly, we observed that telomeric DNA binding ability of Trf1 is cell cycle regulated and reaches a peak during mitosis. Upon phosphorylation by Plk1 in vivo and in vitro, Trf1's ability to bind telomeric DNA is dramatically increased. These results demonstrated that Plk1 interacts with and phosphorylates Trf1 and suggest that Plk1-mediated phosphorylation is involved in both Trf1 overexpression-induced apoptosis and its telomeric DNA binding ability. In other words, dual functions of Trf1, cell cycle regulation and telomere length control, are regulated by Plk1-associated kinase activity.
PLK1 IN CHECKPOINT RECOVERY
During cell-cycle progression, checkpoints function as the control mechanism to ensure the fidelity of cell division. The necessary processes for each cell-cycle phase are monitored by checkpoint network, and a cell cannot proceed to the next phase until checkpoint requirements have been met. Multiple checkpoints exist in the cell cycle, and DNA-damage checkpoint is one major type to ensure genomic stability. Accumulating evidence suggests that Plk1 plays a central role in recovery from the G2 DNA-damage checkpoint and is not dispensable for the onset of mitosis after DNA-damage signal is silenced (van Vugt et al., 2004) . DNA double-strand breaks occurred in G2 phase are monitored by the Mre11-Rad50-Nbs1 (MRN) complex at the local sites, and this complex further recruits the checkpoint kinases ATM (Ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3-related protein) to amplify the DNA damage signal through several downstream targets (Bartek and Lukas, 2007) . CHK2 and CHK1 are the major effector kinases for ATM and ATR respectively, and they lead to G2 cell cycle arrest by inhibiting the Cdc25 family of phosphatase to prevent Cdc25 family members from activating cyclin-Cdk complexes (Sanchez et al., 1997; Lam and Rosen, 2004) . The tumor suppressor p53 is also phosphorylated and activated by CHK1/2 and transcriptionally upregulates p21, the universal inhibitor of Cdk, to maintain the G2 checkpoint stage (Bunz et al., 1998 ). This will allow cells to have enough time for efficient DNA repair. During the subsequent recovery process from the G2 DNA damage-induced arrest, ATM/R-CHK2/1-p53 checkpoint network needs to be silenced and thus cyclin-Cdk can be re-activated. During this process, Plk1 is first activated by Aurora A kinase via the phosphorylation at its activation loop (threonine 210), and its kinase activity is critical for cyclin B-Cdk1 reactivation for mitotic entry (Macůrek et al., 2008) . Depletion of Plk1 by RNAi leads to constitutive activation of checkpoint signal and recovery failure. Later, Plk1 was found to target several essential components in the checkpoint network to silence the checkpoint signal.
Claspin, an adaptor protein for ATR to activate CHK1 during the replicative stress, was the first Plk1 substrate that is involved in regulating checkpoint recovery (Mamely et al., 2006; Peschiaroli et al., 2006) . Plk1-mediated phosphorylation in a canonical DSGxxS degron sequence of Claspin recruits the ubiquitin ligase β-TrCP to trigger ubiquitinationdependent degradation of Claspin in G2 phase. This degradation event is necessary for the termination of DNA replication checkpoint, and thus allows cells enter into mitosis. In parallel with ATR-Claspin-CHK1 pathway, ATM-53BP1-CHK2 pathway was also regulated by Plk1 (van Vugt et al., 2010) . Besides involved in NHEJ DNA repair network, 53BP1 interacts with a range of effector checkpoint proteins including CHK2 and p53 at the DNA damage foci. During the G2 checkpoint recovery, Plk1 is recruited by 53BP1 through the interaction between Polo-box domain of Plk1 and the docking site of 53BP1 generated by Cdk1. Upon recruitment, Plk1 directly phosphorylates CHK2 at its ForkheadAssociated (FHA) domain and inactivate CHK2 kinase, thus silencing the ATM-53BP1-CHK2 pathway.
Forkhead transcription factor FoxM1, one of the major transcriptional regulators for G2/M transition, was also identified as a Plk1 substrate (Fu et al., 2008) . In this case, Plk1 phosphorylation functions in a feed-forward manner to further promote mitosis-specific gene expression. Later, FoxM1 was found to be essential to maintain the recovery competence during the G2 DNA damage-induced arrest (AlvarezFernández et al., 2010) . Although Cdk1-dependent phosphorylation of FoxM1 was shown to be critical for this maintenance, it is reasonable to speculate that Plk1-associated kinase activity toward FoxM1 might ensure enough accumulation of mitotic gene expression needed for recovery from the G2 DNA-damage checkpoint.
PLK1 IN p53 REGULATION
One striking phenotype we initially reported is stabilization of p53 tumor suppressor in Plk1-depleted HeLa cells (Liu and Erikson, 2003) . A later study showed that Plk1 indeed physically binds to the DNA binding domain of p53 in cultured cells. Moreover, expression of exogenous Plk1 and tumor suppressor p53 in p53 null H1299 cells greatly decreased p53-mediated transcription from the p53-responsive p21, MDM2, and Bax promoters, whereas kinase-deficient Plk1 failed to reduce the transcriptional activity of p53 (Ando et al., 2004) . These data suggest that Plk1-mediated negative regulation of p53 might be a fundamental mechanism for the role of Plk1 in oncogenesis. Although it was reported that Plk1 directly phosphorylates p53 in vitro (Xie et al., 2001 ), we have not been able to repeat this result. We have extensive experience with Plk1 substrates, and feel confident that p53 is not a Plk1 substrate in vivo. In a search for Plk1-interacting partners, we have identified two potential Plk1 substrates: Topors (topoisomerase I binding protein) and GTSE1 (G2 and S phase-expressed protein 1). Interestingly, both Topors and GTSE1 have established functions in p53 regulation.
Topors
Topors is a protein that was originally discovered in a screen searching for proteins that bind to DNA topoisomerase I (Haluska et al., 1999) , and was also identified as a p53 binding protein (Zhou et al., 1999) . Although Topors is widely expressed in normal human tissues, its expression is decreased or undetectable in colon, lung and brain adenocarcinomas, indicating that it might function as a tumor suppressor . Consistent with this concept, the human Topors gene is located on chromosome 9p21 (Chu et al., 2001) ; loss of heterozygosity in this region is frequently observed in several different malignancies. Forced expression of Topors in cancer cells inhibits cellular proliferation and colony formation, likely due to G0/G1 arrest and apoptosis Lin et al., 2005) . Topors associates with promyelocytic leukemia (PML) nuclear bodies in the nuclei of exponentially growing cells. Treatment with transcriptional inhibitors or with the topoisomerase I-targeting drug camptothecin causes rapid dispersion of Topors to the nucleoplasm, indicating that Topors may be involved in the cellular response to camptothecin (Rasheed et al., 2002) . Topors contains an N-terminal C3HC4-type RING domain that is closely related in sequence to the RING domains of known E3 ligases (Fig. 5A) , and is the first example of a protein with both ubiquitin and SUMO-1 E3 ligase activity. Topors functions as an E3 ubiquitin ligase for the transcription factor p53, Hairy and NKX3.1, and Topors-dependent ubiquitination leads to the degradation of these proteins Guan et al., 2008) . Substrates of the SUMO-1 E3 ligase activity of Topors include DNA topoisomerase I, many chromatin-modifying proteins and p53 (Weger et al., 2005; Hammer et al., 2007) . In contrast to ubiquitinationinduced protein degradation, Topors-induced p53 sumoylation is accompanied by an increase in p53 protein levels in HeLa cells (Weger et al., 2005) . Therefore, it is possible that the effects of Topors on a particular substrate, such as p53, may vary depending on the cellular context and the level of Topors (Guan et al., 2008) . We recently identified Topors as a Plk1 target (Yang et al., 2009b) . We showed that Plk1 phosphorylates Topors on Ser718 in vivo. Significantly, expression of a Plk1-unphosphorylatable Topors mutant (S718A) leads to a dramatic accumulation of p53, through inhibition of p53 degradation. Mechanistically, Plk1-mediated phosphorylation of Topors inhibits Topors-mediated sumoylation of p53, while p53 ubiquitination is enhanced, leading to p53 degradation (Fig. 5D) . These results demonstrated that Plk1 modulates Topors activity in suppressing p53 function, and identify a likely mechanism for the tumorigenic potential of Plk1.
GTSE1
Originally isolated during a screening of p53-inducible genes, GTSE1 (G2 and S phase-expressed 1) is specifically expressed during S and G2 phases of the cell cycle. It is localized mainly to the microtubules and, when overexpressed, delays the G2 to M transition (Utrera et al., 1998) . In response to DNA damage, GTSE1 accumulates in the nucleus and binds to p53 directly through its C-terminal domain (Fig. 5B) , consequently shuttling p53 out of the nucleus and repressing its ability to induce apoptosis (Monte et al., 2003; Monte et al., 2004) . Therefore, it was proposed that after DNA damage, GTSE1 could play a dual role during the G2 checkpoint, promoting delay of the G2 to M transition and, at the same time, protecting these cells from p53-dependent apoptosis (Monte et al., 2003) . We have identified GTSE1 as another Plk1 substrate during the G2 checkpoint recovery (Liu et al., 2010) . We showed that Plk1 phosphorylates GTSE1 at serine 435, and this phosphorylation leads to exposure of the nuclear-import signal of GTSE1 to the cellular transport machinery. As a result of the phosphorylation event, GTSE1 is able to translocate into the nucleus, bind with p53, and consequently shuttle it out of the nucleus. In the cytoplasm, p53 is rapidly degraded by the proteasome machinery. Without p53-mediated upregulation of p21 in the nucleus, this short half-life protein is quickly turned over, and cells can re-enter mitosis (Fig. 5D) .
Because both Plk1 activity and p53 inactivation are required for exit from the G2 DNA-damage checkpoint, we hypothesize that Plk1 phosphorylation of Topors and GTSE1 leads to inactivation of the p53 pathway during recovery from the G2 DNA-damage checkpoint. Our current working models are as follows: During the normal cell cycle, Plk1 phosphorylation of GTSE1 and Topors might regulate their functions in the G2/M transition and mitotic progression, respectively (Fig.  5C ). In the presence of DNA damage, Plk1 is inactivated while the p53 pathway is turned on, to result in cell cycle arrest. Both Topors and GTSE1 levels are increased in response to DNA damage, and Topors might positively contribute to cell cycle arrest (Fig. 5D ). During subsequent recovery from the G2 DNA-damage checkpoint after a prolonged cell cycle arrest, Plk1 is phosphorylated at T210 by Bora/aurora A and activated. Activated Plk1 subsequently phosphorylates both Topors and GTSE1. Whereas Plk1 phosphorylation of Topors might regulate its ubiquitin/ SUMO-1 ligase activity toward p53, resulting in p53 degradation, Plk1 phosphorylation of GTSE1 might regulate its nucleo/cytoplasmic shuttling, subsequently resulting in p53 inactivation. Both events will contribute to cell cycle reentry into mitosis (Fig. 5D ).
OUTLOOK AND FUTURE DIRECTION
Ever since the discovery of Plk1 in mammalian cells, many important Plk1 substrates have been identified. Characterization of these substrates has given great insight in understanding the phosphorylation-mediated regulation, which plays a critical role in diverse cell cycle-related events. Recently, the mass spectrometry-based proteomics approach dramatically accelerates the substrate identification process. 622 proteins were identified as the interactome for Polo-box domain of Plk1 in Michael Yaffe's laboratory (Lowery et al., 2007) . These potential Plk1 substrates have functions that are not limited to well established Plk1-regulated processes, such as cell-cycle regulation, but also are proteins with functions in diverse cellular events, including translational control, RNA processing, and vesicle transport. Although much more detailed biochemical and cellular characterizations are needed to validate these potential Plk1 substrates, it is almost certain that Plk1 has many functions beyond mitosis. In addition, the capacity of mass spectrometrybased proteomics allows us to study phosphorylation in the scope of cellular compartments, each of which contains hundreds of protein. Compared to individual characterization of each substrate, this method considers the fact that most simple biologic functions are mediated by protein network instead of certain single protein. One pioneering example of this approach is the study of Plk1-dependent phosphoproteome on the early mitotic spindle in Eric Nigg's laboratory (Santamaria et al., 2010) . In this study, mitotic spindles were purified and 358 phosphorylation sites associated with mitotic spindles were identified. Importantly, 102 potential Plk1 phosphorylation sites were validated in vitro and most of them had not been reported before. Undoubtedly, this is an exciting time for Plk1 research.
